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Description 

TECHNICAL FIELD 



The present invention relates to a method of man- 
ufacturing a nuclear fuel element comprising fuel rods 
the cladding tubes of which are provided with an internal 
liner of zirconium or a zirconium alloy. 

BACKGROUND ART 

A nuclear fuel element comprises fuel rods with 
cladding tubes filled with fuel pellets. It is known to pro- 
vide cladding tubes with an internal layer of zirconium 
or a zirconium alloy to protect the fuel element from de- 
struction caused by pellet-clad interaction, PCI, in case 
of rapid power increases. 

SE 7810262 describes a nuclear fuel element with 
improved properties regarding the resistance to PCI and 
comprising a composite cladding container comprising 
an outer part of a zirconium alloy and an inner part, 
bonded to the outer part and consisting of zirconium with 
an impurity content of about 1000 to 5000 ppm. 

This composite cladding tube is manufactured by 
inserting a sleeve of sponge zirconium, which is to be 
used as internal part, into a hollow billet of a zirconium 
alloy which is to constitute the outer part, whereupon the 
unit is subjected to explosion bonding of the sleeve to 
the billet. Thereafter, the composite product is extruded 
at a temperature of about 538 - 750°C while using con- 
ventional extrusion methods. Thereafter, the extruded 
composite product is subjected to a conventional tube 
production until the desired dimension of the cladding 
has been reached. The bond of the sleeve to the billet 
can also take place by means of heating to 750°C for 8 
hours to achieve a diffusion bond. The manufacture of 
the composite cladding can also take place by extruding 
the unit, consisting of the inner sleeve and the outer 
shell, while using conventional technique. 

EP 1 94 797 describes a cladding tube with an outer 
component and an inner component intended to protect 
the cladding against PCI damage. The inner component 
has a specific composition, zirconium with 0.4-0.6 % tin, 
0.5-1.4 % iron and 100-700 ppm oxygen, in order to im- 
part to the inner component good corrosion properties 
in the event that water should penetrate into the rod. 

The cladding tube is manufactured by processing 
the ingot of the inner component in a conventional way 
for the manufacture of Zircaloy, including beta quench- 
ing, before the inner component is joined to the outer 
component. After the joining of the outer and inner com- 
ponents, the cladding tube can be additionally beta- 
quenched either before the last cold-rolling step by beta- 
quenching the outer surface, or before the penultimate 
rolling step by beta-quenching the entire cladding wall 
comprising both the outer and inner components. 

EP 155 603 also describes a nuclear fuel element 
comprising a composite cladding tube with an internal 
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lining of zirconium to avoid cracking in the cladding upon 
thermal expansion of the pellets. According to this pat- 
ent specification, it is known to reduce the sensitivity of 
the zirconium lining to cracking by limiting the total 
5 amount of impurities to a level below 5000 ppm and by 
maintaining the ratio of the oxygen content to the iron 
content greater than 1 . The manufacture of a zirconium- 
lined cladding tube is performed by melting zirconium 
into an ingot which is then forged and shaped into a hol- 
™ low billet. The hollow billet is inserted into another hollow 
billet of a zirconium alloy. The composite billets are heat- 
extruded into a tube blank. The tube blank is then sub- 
jected to repeated cold rolling operations and heat treat- 
ments according to conventional tube manufacture. A 
15 heat-treatment step consisting of a solution treatment at 
800 or 860°C, near the phase transformation tempera- 
ture to cause secondary phases in the material to be- 
come dissolved, and thereafter a rapid cooling to room 
temperature as well as a stress-removing heat treat - 
20 menl at a low temperature, for example 550°C for 2 
hours, are carried out either after the forging or after the 
heat extrusion or as a last step on the finished tube, 
whereby it is considered to be especially effective to car- 
ry out the heat treatment as a last step. The best result 
2S is achieved according to the specification when the so- 
lution treatment is carried out in all the alternative steps 
during the process. 

EP-A-0 425 465 describes a method for manufac- 
turing cladding tubes of zirconium alloy, the outer sur- 
30 face of which is to obtain improved resistance to nodular 
corrosion during operation in a boiling reactor. The clad- 
ding tube is manufactured from a Zr-base alloy and is 
preferably beta-quenched before extrusion. Before the 
last cold-rolling step the outer surface of the tube is beta- 
35 quenched. After extrusion, thus, only an outer part of the 
tube is beta-quenched in order to impart to this part im- 
proved corrosion resistance. Such a tube can also be 
provided with an inner component for PCI protection. Af- 
ter extrusion, the inner component in such a case will 
40 not be affected by the beta quenching prior to the last 
rolling step. 

SE 8301770-7 describes a fuel rod comprising a 
composite cladding tube with an internal layer consist- 
ing of sponge zirconium alloyed with 0. 1 % tin. This fuel 
45 rod exhibits an increased resistance to the corrosive ef- 
fect of water and water steam at elevated temperature. 
The cladding tube is manufactured by arranging a tube 
of the zirconium alloy, constituting the inner component, 
in a coarser tube of Zircaloy, the end surfaces of the two 
50 tubes being welded together. Thereafter, the composite 
tube is extruded without being subjected to any heating. 
The extruded product is then cold-rolled in several steps 
with intermediate recrystallization annealings at about 
650°C and is finally annealed after the last cold rolling 
55 at about 525°C. 

The inner side of the cladding tube can be subjected 
to the corrosive effect of water and water steam in those 
cases where damage occurs on the cladding, which 
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may result in water penetrating into the tube. The water 
will then become evaporated upon contact with the hot- 
ter fuel pellets. This results in the inside of the cladding 
tube being subjected to a corrosive effect of water/water 
steam of high temperature. When zirconium and zirco- 5 
nium alloys are corroded, hydrogen is formed, which to 
a certain extent is taken up by the cladding. The hydro- 
gen will be precipitated in the form of zirconium hy- 
drides. The zirconium hydrides are brittle and have a 
negative. influence on the integrity of the tube. It is there- io 
fore of importance that the corrosion and the hydrogen 
absorption, caused by the corrosion, are as slight as 
possible in order not to risk that damage involving the 
penetration of water is extended such that a major quan- 
tity of watercan penetrate through the tube and leaching is 
of uranium dioxide and radioactive fission products can 
take place. Damage to a cladding tube can occur for 
several reasons, for example wear or defects in the 
welds. 

The outer side of a f uel rod is always in contact with 20 
water and water steam, and it is known that heat treat- 
ments affect zirconium and the resistance of zirconium 
alloys to corrosion in water and water steam at a high 
temperature. Thus, a large number of publications de- 
scribe heat treatments intended to improve the resist- 25 
ance of zirconium alloys to corrosion. EP 71193 de- 
scribes how, during conventional manufacture, an ingot 
of a zirconium alloy is first forged in the beta-phase 
range and thereafter heat-treated in the beta-phase 
range followed by rapid quenching. Then, the billet is 30 
forged in the alpha-phase range and extruded, followed 
by tube manufacture involving cold-working steps and 
intermediate annealings in a conventional manner. To 
improve the corrosion resistance of the tube, it was 
found that the favourable solution treatment in the beta 35 
or alpha+beta-phase range followed by rapid quenching 
from the heat treatment temperature should be carried 
out also at a later stage in the process, after hot extru- 
sion of the billet. 

40 

SUMMARY OF THE INVENTION 

According to the present invention, it has been 
proved that a nuclear luel element can exhibit an im- 
proved resistance to the effect of water and water steam 45 
in case of damage involving the penetration of water into 
a fuel rod provided with an internal liner layer by a careful 
choice, during the manufacture of the cladding tube, of 
parameters for heat treatment of the inner component 
from the very machining of an ingot of the inner compo- so 
nent. 

Surprisingly, it has been proved that also the heat 
treatments during the manufacture of the inner compo- 
nent into a composite cladding tube, which are carried 
out before the inner component is joined to the outer ss 
component to be extruded together, are of great impor- 
tance for obtaining a fuel element with improved resist- 
ance to the corrosive effect of water and water steam 



and where the harmful hydrogen absorption during the 
corrosion process is reduced, in the event that a clad- 
ding tube is damaged such that water can penetrate 
through the cladding. 

It has also been proved, according to the present 
invention, that by choosing an optimum composition of 
the liner layer, the effect of manufacture, with chosen 
heat-treatment parameters for all the heat treatments, 
can be further improved. 

According to the present invention, a fuel element 
comprising cladding tubes, with an internal layer, is to 
be manufactured by producing an ingot of zirconium or 
a zirconium alloy, for example zirconium-tin, suitable as 
inner layer in a PCI-resistant cladding. The ingot is ma- 
chined by forging operations and possibly by rolling and 
extrusion into a suitable dimension to be joined to the 
outer component. To obtain optimum properties of the 
inner component, this component, during all the process 
steps after the manufacture of the ingot, such as forging, 
heat treatment, rolling, extrusion, intermediate anneal- 
ing and final annealing, is to be maintained at tempera- 
tures lower than the temperature at which beta phase 
starts forming in the inner component. 

An incipient transformation of alpha phase into beta 
phase takes place for zirconium with low oxygen con- 
tents, which is usually used as inner component in a 
PCI-resistant cladding, at 800°C. For zirconium-tin al- 
loys, which are also used as inner component, tin sta- 
bilizes the alpha phase and the transformation temper- 
ature lies just above 862° C. During the formation of beta 
phase, a gradual dissolution of secondary phases, im- 
purities and precipitated particles in the matrix takes 
place, 

According to the present invention, the inner com- 
ponent should not be heat-treated at temperatures 
where beta phase is formed, and secondary phases and 
impurities should be prevented from dissolving in the 
matrix. This also applies to the early stage of the man- 
ufacturing chain ; such as preheating, preliminary forg- 
ing, and final forging. 

For the manufacture of a nuclear fuel element ac- 
cording to the invention, an ingot is manufactured from 
the inner component. Ingots of zirconium are heat-treat- 
ed in the alpha-phase range at 700-800°C and ingots of 
a zirconium-tin alloy are heat-treated in the alpha-phase 
range at 700-860°C before being forged. After that, a 
repeated lorging operation with preheating within the 
same temperature interval in the alpha-phase range can 
take place. It is thus important that also the preliminary 
forging of the ingot take place at a temperature below 
the temperature at which an incipient transformation to 
beta phase takes place. An advantage of zirconium-tin 
alloys is that these can be heated to a higher tempera- 
ture before the phase transformation takes place, which 
facilitates the machining of the ingot. Additional machin- 
ing of the inner component, to obtain a suitable dimen- 
sion of the inner component for joining to the outer com- 
ponent, is suitably carried out by hot rolling and extru- 



3 



nKicnnnn. ,cd 



EP 0 674 800 B1 



sion. The temperature of the inner component should 
not exceed 710°C during these process stages. 

A further improvement of the corrosion resistance 
of the inner component can be obtained by introducing 
additional heat treatment of a billet of the inner compo- 5 
nent in addition to the heat treatments which take place 
in connection with forging, rolling and/or extrusion, be- 
fore it is joined to the outer component. This additional 
heat treatment is carried out in the alpha-phase range 
at 600-800°C for billets of zirconium and 600-860°C for w 
billets of zirconium-tin alloy and preferably within the in- 
terval 650-750°C. irrespective of the composition of the 
billet. This extra heat treatment can be carried out as a 
last step before the inner component is joined to the out- 
er component or earlier in the process chain, for exam- is 
pie before the inner component is extruded. 

When the inner component has been machined into 
a suitable dimension, it can be joined to the outer com- 
ponent by passing a tube of the inner component into a 
coarser tube of the outer componenl in a conventional 20 
way. 

The outer component consists of a zirconium alloy 
intended to constitute a supporting part of a composite 
cladding tube, for example Zircaloy 2 and zircaloy 4, 
whoso contents of alloying materials lie within the limits 25 
1.2-1.7% tin, 0.07-0.24% iron, 0.05-0.15% chromium 
and 0-0.08% nickel, the balance being zirconium and 
any impurities of a conventional kind or Zr 2.5 Nb. The 
outer component is machined in a conventional way by 
forging in the beta or alpha+beta-phase range followed 30 
by forging in the alpha-phase range and further degra- 
dation by forging and extrusion (if any). Before the outer 
component is joined to the inner component, the billet 
is beta-quenched by heating to the beta-phase range 
for example 1050°C, and is thereafter rapidly cooled. ' 35 

The composite billet consisting of an inner compo- 
nent and an outer component, is extruded at a temper- 
ature below 71 0°C. 

After the extrusion, the tube blank is machined in a 
conventional way by means of a number of cold rolling 40 
steps with intermediate heat-treatment operations and 
a final heat treatment. Intermediate heat treatments of 
the inner component are performed within the interval 
525-700°C and the final heat treatment is performed 
within the interval 400-700°C. 45 

For the manufacture of a fuel element with cladding 
tubes with inner layers of zirconium, an extra heat treat- 
ment of the lube blank can be carried out after the inner 
component has been joined to the outer component. 
This heat treatment is carried out at in the alpha-phase so 
range, suitably at 6O0-80O°C. The limited diffusion of al- 
loying materials which can take place between the outer 
component and the inner component during the heat 
treatment is not harmful to the PCI resistance of the lay- 
er. To ensure that a heat treatment of this kind does not ss 
have an adverse effect on the corrosion properties of 
the outer component, the outer part of the tube can be 
beta-quenched after the extra heat treatment has been 



carried out. During beta quenching, the outer part of the 
tube is heated to a temperature in the beta-phase range, 
for example 1050°C and is then rapidly cooled. 

The inner component can consist of pure zirconium 
or consist of a zirconium-tin alloy with 0. 1 to 1 % tin, such 
as an alloy of zirconium with 0.1-0.5% tin and with an 
iron content less than 550 ppm, preferably 200-450 ppm 
and less than 600 ppm oxygen. Impurities in zirconium 
and a zirconium-tin alloy shall be below the limits which 
normally appiy to reactor-grade zirconium, namely, Al 
75 ppm, B 0.5 ppm, C 1 00 ppm, Ca 30 ppm, Cd 0.5 ppm, 
CI 20 ppm, Co 20 ppm, Cu 50 ppm, H 25 ppm, Hf 100 
ppm, Mg 20 ppm, Mn 50 ppm, Mo 50 ppm, N 65 ppm 
Na 20 ppm, Nb 100 ppm, Ni 70 ppm, P 30 ppm, Pb 100 
ppm, Si 100 ppm, Ta 200 ppm, Ti 50 ppm, U 3.5 ppm, 
V 50 ppm, W 1 00 ppm and Cr 200 ppm. 

The inner component can also consist of other zir- 
conium alloys. 

The invention will be explained in greater detail by 
description of an embodiment with reference to the ac- 
companying figure which shows a flow diagram for the 
manufacture of a cladding tube. 

An ingot of the inner component is manufactured 

(1) . The inner component consists of zirconium with 
0.25% Sn, 310 ppm Fo and 430 ppm O as well as im- 
purity quantities normally occurring in reactor-grade zir- 
conium. Thereafter, the ingot is preheated (2) and 
forged (3). These steps can be repeated by preliminary 
forging and finally forging the ingot The ingot is preheat- 
ed to a temperature of 820°C for 8 hours (2) and is 
forged (3) : whereupon an additional heating to 800°C 

(2) and a final forging (3) are carried out. After forging, 
the billet is rolled down (4) and extruded at a tempera- 
ture of about 670° C (5). Thereafter, the billet is annealed 
at 650°C for 5 hours (6). 

The outer component is manufactured convention- 
ally by forging and is beta-quenched before extrusion 
(7, 8, 9, 10, 11). 

The inner component is joined to the outer compo- 
nent in conventional manner and the composite body is 
extruded (12) at a temperature of about 670°C. There- 
after, the tube blank is rolled in three stages intothe final 
dimension with intermediate annealings at 570°C for 1 
hour (13, 14). After the last rolling, the tube is finally an- 
nealed at 570°C for 1 .5 hours (1 5). 

The cladding tubes are filled with fuel pellets and 
sealed, whereupon they are assembled into bundles 
forming nuclear fuel elements intended for light-water 
reactors. 



Claims 

1. A method for manufacturing a nuclear fuel element 
comprising a composite cladding tube with an inner 
component of zirconium or a zirconium alloy suita- 
ble as inner component in a PCI -resistant compos- 
ite cladding as well as an outer component of a zir- 
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conium alloy intended to constitute the supporting 
part of a composite cladding tube, such as, for ex- 
ample, Zircaloy 2, zircaloy 4 or Zr 2.5 Nb, wherein 
the cladding tube is manufactured by fabricating an 
ingot of the composition of the inner component and s 
an ingot of the composition of the outer component, 
respectively, and machining them separately into a 
billet of a suitable dimension and thereafter joining 
them together and extruding to a tube blank and 
machining it further by means of cold rolling and in- 10 
termediate heat-treatment operations and a final 
heat treatment in the final dimension, character- 
ized in that the inner component of zirconium or a 
zirconium alloy during the manufacture, from the 
production of an ingot up to the completion of a clad- is 
ding tube, comprising forging, rolling, extrusion, 
heat treatment and final heat treatment, is only sub- 
jected to heat influence at temperatures in the al- 
pha-phase range below the temperature when an 
incipient beta-phase transformation takes place. 20 

2. A method according to claim 1, characterized in 
that the inner component is preheat -treated before 
the forging at a temperature in the alpha-phase 
range. 25 

3. A method according to claim 2, characterized in 
that the inner component is forged in two steps and 
that the preheat treatment before said steps is car- 
ried out at a temperature in the alpha-phase range. 30 

4. A method according to claim 1 , 2 or 3, character- 
ized in that the inner component is manufactured 
from a zirconium-tin alloy comprising zirconium with 

0, 1 -1 % tin and prelerably zirconium with 0. 1 -0.5 % 35 
tin and less than 600 ppm iron, preferably 200-450 
ppm iron, and less than 600 ppm oxygen, as well 
as contents of impurities below the limits which nor- 
mally apply to reactor-grade zirconium. 

40 

5. A method according to claim 4, characterized in 
that an ingot of material intended to constitute the 
inner component is preheated at 700-860°C before 
forging of the ingot. 

45 

6. A method according to claim 4 or 5, characterized 
in that the blank is heat-treated, in addition to the 
heat-treatment operations which are performed in 
connection with forging, rolling and/or extrusion, at 
600- 860°C, preferably at 650-750°C. so 

7. A method according to claim 1 , characterized in 
that the inner component is manufactured from zir- 
conium with impurity contents below those which 
normally apply to reactor-grade zirconium. ss 

8. A method according to claim 7, characterized in 
that an ingot of material intended to constitute the 
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inner component is preheated to 700-800°C before 
forging of the ingot. 

9. A method according to claim 7 or 8, characterized 
in that the billet is heat-treated, in addition to the 
heat-treatment operations which are performed in 
connection with forging, rolling and/or extrusion, at 
600- 800*0, preferably at 650-750°C. 

10. A method according to one or more of the preceding 
claims, characterized in that coextrusion takes 
place at a temperature below 710°C. 

11 . A method according to any of the preceding claims, 
characterized in that the billet of the inner compo- 
nent is rolled and/or extruded at a temperature be- 
low 710°C. 

12. A method according to one or more of the preceding 
claims, characterized in that the extruded tube 
blank is cold-rolled in a number of steps with inter- 
mediate heat-treatment operations at 525-700°C 
and is finally heat-treated at 400- 700° C. 

1 3. A method according to one or more of the preceding 
claims, characterized in that, after extrusion, a 
heat treatment is carried out at 600-800°C. 

14. A method according to claim 13, characterized in 
that an outer part of the cladding tube blank is beta 
quenched after the heat treatment according to 
claim 13. 



Patentanspruche 

1. Verfahren zur Herstellung eines Kernbrennele- 
ments mit einem Verbundhullrohr mit einer Innen- 
komponente aus Zirkonium Oder einer Zirkoniumle- 
gierung, die als Innenkomponente in einer gegen 
PCI widerstandsfahigen Verbundhulle geeignet ist, 
sowie mit einer AuBenkomponente aus einer Zirko- 
niumlegierung, welche den tragenden Teil des Ver- 
bundhullrohres bildet, wie zum Beispiel Zircaloy 2, 
Zircaloy 4 Oder Zr 2,5 Nb, wobei das Hullrohr her- 
gestellt wird durch Fertigung eines GuBblockes mit 
der Zusammensetzung der Innenkomponente be- 
ziehungsweise eines GuBblockes mit der Zusam- 
mensetzung der AuBenkomponente, wobei diese 
getrennt zu einem Rohling mit geeigneten Abmes- 
sungen verarbeitet werden und danach zusammen- 
gefugt und zu einem Rohrrohling extrudiert werden, 
der durch Kaltwalzen mit zwischenzeitlichen War- 
mebehandlungen und einer abschlieBenden War- 
mebehandlung in die Endabmessung gebracht 
wird, dadurch gekennzeichnet, daB die aus Zirko- 
nium oder einer Zirkoniumlegierung bestehende In- 
nenkomponente wahrend der Herstellung, begin- 
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nend mit der Fertigung eines GuBblockes bis zur 
Fertigstellung eines Hullrohres, was Schmieden, 
Walzen, Extrudieren, Warmebehandlung und ab- 
schlieBende Warmebehandlung umfaBt, nur einer 
Warmebeeinflussung bei Temperaturen im Alpha- s 
Phasenbereich ausgesetzt wird, die unterhalb der 
Temperatur liegen, bei der eine anfangliche Beta- 
Phasenumwandlung stattfindet. 

2. Verfahren nach Anspruch 1, dadurch gekenn- w 
zeichnet, daB die Innenkomponente vor dem 
Schmieden einer Vorwarmebehandlung bei einer 
Temperatur im Alpha-Pasenbereich unterworfen 

wird. 

15 

3. Verlahren nach Anspruch 2, dadurch gekenn- 
zeichnet, daB die Innenkomponente in zwei Schrit- 
ten geschmiedet wird und da3 die Vorwarmbehand- 
lung vor diesen Schritten bei einer Temperatur im 
Alfa-Phasenbereich stattfindet. 20 

4. Vertahren nach Anspruch 1 , 2 oder 3, dadurch ge- 
kennzeichnet, daft die Innenkomponente aus ei- 
ner Zirkoniumlegierung hergestellt wird, die Zirko- 
nium mit 0, 1 bis 1 % Zinn, vorzugsweiso Zirkonium 25 
mit 0,1 bis 0,5 % Zinn, und weniger als 600 ppm 
Eisen, vorzugsweise 200 bis 450 ppm Eisen, und 
weniger ais 600 ppm Sauerstoff enthalt sowie einen 
Verunreinigungsgehalt hat, der unter der Grenze 
liegt, die normalerweise fur Zirkonium von Reaktor- 30 
qualitat gilt. 

5. Verlahren nach Anspruch 4, dadurch gekenn- 
zeichnet, daB ein GuGblockaus Material fur die In- 
nenkomponente vor dem Schmieden bei einer Tern- 35 
peratur von 700 - 860°C vorgewarmt wird. 

6. Verfahren nach Anspruch 4 oder 5, dadurch ge- 
kennzeichnet, daB der Rohling zusatzlich zu den 
Warmebehandlungen, die in Verbindung mit dem 40 
Schmieden, Walzen und/oder Extrudieren stattfin- 
den, bei 600 - 860°C, vorzugsweise bei 650 - 
750°C, warmebehandelt wird. 

7. Verfahren nach Anspruch 1, dadurch gekenn- 45 
zeichnet, daB die Innenkomponente aus Zirkonium 
mit einem Verunreinigungsgehalt hergestellt wird, 
der unter dem normalerweise bei Zirkonium von Re- 
aktorqualitat vorhandenen Verunreinigungsgehalt 
,ie 9t. so 

8. Verfahren nach Anspruch 7, dadurch gekenn- 
zeichnet, daB cin GuBblock aus einem fur die In- 
nenkomponente bestimmten Material vor dem 
Schmieden auf eine Temperatur von 700 - 800°C ss 
vorgewarmt wird. 

9- Verfahren nach Anspruch 7 oder 8, dadurch ge- 



kennzeichnet, daB der Rohling zusatzlich zu den 
Warmebehandlungen, die in Verbindung mit dem 
Schmieden, Walzen und/oder Extrudieren stattfin- 
den, bei 600 - 800°C, vorzugsweise bei 650 - 
750°C, warmebehandelt wird. 

10. Verfahren nach einem der vorhergehenden Anspru- 
che dadurch gekennzeichnet, daB die Koextrusi- 
on bei einer Temperatur unter 710°C stattfindet. 

11. Verfahren nach einem der vorhergehenden Anspru- 
che, dadurch gekennzeichnet, daB der Rohling 
der Innenkomponente bei einer Temperatur unter 
710°C gewalzt und/oder extrudiert wird. 

12. Verfahren gemaB einem oder mehreren der vorher- 
gehenden Anspruche, dadurch gekennzeichnet, 

daB der extrudierte Rohrrohling in mehreren Schrit- 
ten kaltgewalzt wird mit zwischenzeitlichen Warme- 
behandlungen bei 525 - 700°C und einer abschlie- 
Benden Warmebehandlung bei 400-700°C. 

13. Verfahren gemaB einem oder mehrerer der vorher- 
gehenden Anspruche, dadurch gekennzeichnet, 
daB nach der Extrusion cine Warmebehandlung bei 
600 - 800°C stattfindet. 

14. Verfahren nach Anspruch 13, dadurch gekenn- 
zeichnet, daB der auBere Teil des Rohr-rohlings 
nach der Warmebehandlung gemaB Anspruch 13 
beta-abgeschreckt wird. 



R e vend i cat ions 

1 . Procede de fabrication d'un assemblage combusti- 
ble nucleaire comportant un tube gaine composite 
constitue d'un composant interieur de zirconium ou 
d'un alliage de zirconium approprie en tant que 
composant interieur dans une gaine composite re- 
sistant au PCI ainsi que d'un composant exterieur 
d'un alliage de zirconium destine a constituer la par- 
tie support d'un tube de gainage composite, comme 
par exemple du Zircaloy 2, Zircaloy 4 ou du ZR 2,5 
Nb, dans lequel le tube gaine est realise en fabh- 
cant un lingot de la composition du composant in- 
terieur et un lingot de la composition du composant 
exterieur respeclivemenl, el en tes usinanl separe- 
ment pour former une billette de dimensions appro- 
priees et puis, en les reunissant et en les extrudant 
en une ebauche de tube et en usinant en outre cette 
ebauche en sa dimension finale au moyen d'opera- 
tions de traitement thermique intermediaire et lami- 
nage a froid et d'un traitement thermique final, ca- 
racterise en ce que le composant interieur de zirco- 
nium ou d'un alliage de zirconium pendant la fabri- 
cation, de la production d'un lingot jusqu'a I'ache- 
vement d'un tube gaine, comportant le forgeage, le 
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laminage, rextrusion, le traitement thermique et le 
traitement thermique final, n'est soumis a des in- 
fluences thermiques qu'a des temperatures qui se 
trouvent dans la gamme de phase alpha en des- 
sous de la temperature a laquelle une transforma- s 
tion de phase beta naissante a lieu. 

2. Procede suivant la revendication 1 , caracterise en 
ce que le composant interieur est pretraite thermi- 
quement avant le forgeage a une temperature dans io 
la gamme de phase alpha. 

3. Procede suivant la revendication 2, caracterise en 
ce que le composant interieur est forge en deux eta- 
pes et en ce que le pretraitement thermique avant is 
ces etapes est realise a une temperature qui est si- 
tuee dans la gamme de phase alpha. 

4. Procede suivant Tune des revendications 1 , 2 ou 3, 
caracterise en ce que le composant interieur est fa- 20 
brique a partir d'un alliage zirconium-etain compor- 
tant du zirconium avec 0,1 a 1 % d'etain et de pre- 
ference du zirconium avec 0,1 a 0,5 % d'etain et 
moins de 600 ppm de fer, de preference 200 a 450 
ppm de fer, et moins de 600 ppm d'oxygene, ainsi 25 
que des teneurs en impuretes qui sont en dessous 
des limites qui s'appliquent normalement a du zir- 
conium convenant pour un reacteur. 

5. Procede suivant la revendication 4, caracterise en 30 
ce qu'un lingot de materiau destine a constituer le 
composant interieur est prechauffe a 700 a 860°C 
avant le forgeage du lingot. 

6. Procede suivant la revendication 4 ou 5, caracterise 35 
en ce que I'ebauche est traitee thermiquement, en 
plus des operations de traitement thermique qui 
sont realisees en connexion avec le forgeage, le la- 
minage et/ou I'extrusion a 600 a 860°C, de prefe- 
rence a 650 a 750°C. 40 



10. Procede suivant une ou plusieurs des revendica- 
tions precedentes, caracterise en ce qu'une co-ex- 
trusion a lieu a une temperature situee en dessous 
de710°C. 

11. Procede suivant I'une quelconque des revendica- 
tions precedentes, caracterise en ce que la billette 
de composant interieur est laminee et/ou extrudee 
a une temperature en dessous de 710°C. 

12. Procede suivant une ou plusieurs des revendica- 
tions precedentes, caracterise en ce que I'ebauche 
de tube extrudee est laminee a froid en un nombre 
d'etapes comportant des operations de traitement 
thermique intermediate a 525 a 700°C et est fina- 
lement traitee thermiquement a 400 a 700°C. 

13. Procede suivant une ou plusieurs des revendica- 
tions precedentes, caracterise en ce que, apres 
I'extrusion, un traitement thermique est realise a 
600 a 800°C. 

14. Procede suivant la revendication 1 3, caracterise en 
ce qu'une partie exterieure de I'ebauche de tube de 
gaine est trempee en phase beta apres le traite- 
ment thermique conforme a la revendication 13. 



Procede suivant la revendication 1 , caracterise en 
ce que le composant interieur est fabrique a partir 
de zirconium avec des teneurs en impuretes qui 
sont en dessous de celles qui s'appliquent norma- 45 
lement a du zirconium convenant pour un reacteur. 



8- Procede suivant la revendication 7, caracterise en 
ce qu'un lingot de materiau destine a constituer le 
composant interieur est prechauffe a 700 a 800°C so 
avant le forgeage du lingot. 



9. Procede suivant la revendication 7 ou 8, caracterise 
en ce que la billette est prechauffee, en plus des 
operations de traitement thermique qui sont reali- ss 
sees en connexion avec le forgeage, le laminage 
et/ou I'extrusion a 600 a 800°C, de preference a 650 
a 750°C. 
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